Abstract Nucleoside reverse transcriptase inhibitors (NRTIs), such as zidovudine (AZT) and stavudine (d4T), cause toxicities to numerous tissues, including the liver and vasculature. While much is known about hepatic NRTI toxicity, the mechanism of toxicity in endothelial cells is incompletely understood. Human aortic endothelial and HepG2 liver cells were exposed to 1 lM AZT or d4T for up to 5 weeks. Markers of oxidative stress, mitochondrial function, NRTI phosphorylation, mitochondrial DNA (mtDNA) levels, and cytotoxicity were monitored over time. In endothelial cells, AZT significantly oxidized glutathione redox potential, increased total cellular and mitochondrial-specific superoxide, decreased mitochondrial membrane potential, increased lactate release, and caused cell death from weeks 3 through 5. Toxicity occurred in the absence of di-and tri-phosphorylated AZT and mtDNA depletion. These data show that oxidative stress and mitochondrial dysfunction in endothelial cells occur with a physiologically relevant concentration of AZT, and require long-term exposure to develop. In contrast, d4T did not induce endothelial oxidative stress, mitochondrial dysfunction, or cytotoxicity despite the presence of d4T-triphosphate. Both drugs depleted mtDNA in HepG2 cells without causing cell death. Endothelial cells are more susceptible to AZT-induced toxicity than HepG2 cells, and AZT caused greater endothelial dysfunction than d4T because of its pro-oxidative effects.
Introduction
Highly active antiretroviral therapy (HAART) has prolonged the life expectancy of human immunodeficiency virus (HIV)-infected patients and significantly reduced viral burden [1] . However, the development of severe side effects upon long-term treatment may overshadow therapeutic impact. Nucleoside reverse transcriptase inhibitors (NRTIs), which include zidovudine (AZT) and stavudine (d4T), constitute one of the largest classes of approved antiretroviral agents, and are the backbone of all HAART regimens [2] . Toxicity to NRTIs occurs in the heart, skeletal muscle, liver, blood, and vasculature [3] [4] [5] [6] . Much is known about NRTI toxicity in the heart and liver, which occurs, at least in part, through inhibition of mitochondrial DNA polymerase-c (mtDNA pol-c), loss of mtDNA, and decreased mitochondrial function [7] . However, mechanisms of toxicity in endothelial cells are less completely understood despite the high incidence of vascular complications in HIV patients receiving antiretroviral therapy [8] .
A recent clinical report [9] indicates that usage of NRTIs for less than 1 year is associated with 48.1% greater intima media thickness of the carotid bifurcation, an indicator of sub-clinical atherosclerosis, when compared to individuals who have never received an NRTI. Ample preclinical evidence also supports a role for NRTIs in endothelial cell dysfunction. For example, AZT promotes the production of the vasoconstrictor endothelin-1 [10] , enhances cell proliferation [10] , and induces intracellular gaps between endothelial cells [11] . Additionally, AZT treatment significantly reduces mitochondrial respiration, decreases ATP production, and impairs the mitochondrial membrane potential in cultured endothelial cells [12] . Our group has previously shown that AZT treatment of mice impairs maximum aortic endothelium-dependent relaxation by 34% [13] . Furthermore, a recent study determined that AZT treatment of rats impaired endothelial function without altering plasma triglycerides or total cholesterol levels [14] , indicating that AZT, and potentially other NRTIs, may induce direct endothelial damage in vivo.
NRTI toxicity is believed to occur, at least in part, through inhibition of pol-c and subsequent inhibition of mtDNA replication and/or repair [15] . Because NRTIs lack a 3 0 -OH group on their pentose rings, incorporation of the nucleoside analog prevents subsequent phosphodiester bond formation and terminates mtDNA chain elongation. mtDNA copy numbers decrease and mitochondrial-encoded genes involved in the electron transport chain are either inadequately expressed or harbor mutations, resulting in decreased mitochondrial number or defective oxidative phosphorylation. Termination of mtDNA synthesis by NRTIs requires the incorporation of its tri-phosphorylated nucleotide into the growing mtDNA strand. Various cellular deoxynucleotide kinases successively phosphorylate NRTIs to their monophosphate (-MP), diphosphate (-DP), and triphosphate (-TP) nucleotides [16] . The activity of these kinases is dependent upon the specific analog substrate, species, and mitotic state of the cell [17] . Many of the side effects of NRTI therapy including skeletal and cardiac myopathies, hyperlactatemia, and peripheral neuropathy are believed to originate from NRTI-induced mitochondrial toxicity in various cell types [18] .
Current research is focused on NRTI toxicity to endothelial cells. Our group [13] and others [14] have previously shown that AZT treatment of mice and rats impairs endothelium-dependent relaxation in isolated aortas. Moreover, AZT-induced endothelial cell damage and dysfunction is associated with increased superoxide levels [12] [13] [14] . While AZT has been shown to promote reactive oxygen species (ROS) generation in cell-free systems and in non-endothelial cells [19] [20] [21] [22] [23] , little is known regarding AZT-and d4T-induced ROS in endothelial cells. Furthermore, there is little direct evidence of the role of AZTphosphorylation in endothelial cell toxicity. Herein, we describe the effects of a physiologically relevant concentration of AZT and d4T on oxidative stress and superoxide production in human aortic endothelial cells (HAECs). While endothelial cell toxicity is the main focus of this study, we also measured oxidative stress and mitochondrial damage in human hepatic HepG2 cells, as patients receiving HAART present with liver-associated side effects, the liver is the predominant site of NRTI metabolism, and HepG2 cells have relatively large numbers of mitochondria. Our data demonstrate that AZT and d4T have differential effects in terms of oxidative stress, mitochondrial integrity, and cytotoxicity in endothelial cells. We also examine the dependence of these effects upon AZT-and d4T-phosphorylation and mtDNA depletion.
Methods

Cell Lines and Drug Treatment
HAECs and human liver HepG2 cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and incubated at 5% CO 2 and 37°C. HAECs were cultured in endothelial cell media-2 with the provided SingleQuot cytokines and growth factors (EGM2 bullet kit; Lonza, Basel, Switzerland) enhanced with 10% fetal bovine serum (FBS). HepG2 s were cultured in minimum essential medium (Eagle) adjusted with 10% FBS and 1% penicillin/ streptomycin. The NRTIs, AZT, d4T, and zalcitabine (ddC), were kindly provided by Dr. Raymond Schinazi, and were used at a final concentration of 1 lM unless otherwise noted. Cell culture-grade sterile phosphate-buffered saline (PBS) was used to make NRTI stocks, and also used as vehicle in control cells. For long-term studies, cells were treated with fresh vehicle, NRTI, and medium every 48 h until completion of the study. Cells were trypsinized with 0.05% trypsin and 0.1% EDTA, and split once every week. Rotenone (5 lM for 1 h) and ddC (1 lM for 5 weeks) were used as positive controls for mitochondrial dysfunction and mtDNA depletion, respectively. Experiments were designed such that cells from all time points were harvested simultaneously and at the same passage number (i.e., P-8). Vehicle-treated control cells did not demonstrate any appreciable differences in the experimental outputs measured over time (data not shown); thus, the control values depicted represent data from cells treated with vehicle for 5 weeks. Cells were harvested when they reached *85% confluence. Neither AZT nor d4T treatment for up to 5 weeks affected cell growth as determined by the MTT proliferation assay (data not shown). All other chemicals were obtained from Sigma (St. Louis, MO) unless otherwise noted.
Electron Spin Resonance (ESR) Measurement of Superoxide
Superoxide was determined by measuring the oxidation of the spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5, 5-tetramethylpyrrolidine (CMH, Alexis Biochemicals Corp., San Diego, CA) [24] . Cells were grown in 10 cm tissue culture plates and washed twice with warm deoxygenated Krebs-Hepes Buffer (KHB, 99 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 9 2H 2 O, 1.2 mM MgSO 4 9 7H 2 O, 25 mM NaHCO 3 , 1.0 mM KH 2 PO 4 , 5.6 mM glucose, 20 mM Na-HEPES, pH 7.4) containing the chelating agents DETC (5 lM) and deferoxamine (25 lM). Stock concentrations of chelating agents were made fresh daily in deoxygenated 0.9% saline. CMH was dissolved in fresh deoxygenated KHB with chelating agents at a final concentration of 0.5 mM, cells were washed with KHB, and CMH was added to cells for 1 h at 37°C. After incubation, the CMH solution was aspirated completely, cells were scraped with 500 lL CMH-free KHB, added to a 1 ml insulin syringe U-100 (BD Biosciences, San Jose, CA) and frozen in liquid N 2 . Cells were pre-incubated with 50 U/ml polyethylene-glycol superoxide dismutase (PEG-SOD) for 4 h before addition of CMH to measure SOD-inhibited superoxide. Values were normalized to total protein levels as determined by the Pierce (Rockford, IL) bicinchonic acid (BCA) assay. ESR measurements were done on the Bruker EMX ESR spectrometer with the following settings: microwave power, 10 mW; modulation frequency, 100 kHz; modulation amplitude, 5 G; field center, 3,340 G; sweep width, 80 G; microwave frequency, 9.39 GHz; conversion time, 655 ms; time constant, 5.24 s; number of scans, 2; sweep time, 60 s.
GSH/GSSG Measurement by HPLC
Reduced glutathione (GSH) and oxidized glutathione disulfide (GSSG) were derivatized as follows. Cells were washed twice with cold PBS, 500 ll of 5% perchloric acid/ 0.2 M boric acid/10 lM c-glutamylglutamate solution were added, and cells were scraped into a 1.5 ml microcentrifuge tube. Cells were centrifuged at 13,000 9 g for 5 s, and 300 ll of supernatant was pipetted into new tubes. The protein pellets were dissolved in 1 M NaOH and diluted for determination of protein concentration using the BCA assay. Fresh stocks of iodoacetic acid (7.4 mg/ml in water) and dansyl chloride (20 mg/ml in acetone) were prepared. Iodoacetic acid (60 ll) was added to each 300 ll supernatant, the pH was adjusted to 9.0 ± 0.2 with 1 M KOH, and the tubes were incubated for 20 min at room temperature in the dark. Then 300 ll of dansyl chloride was added to each tube and incubated for a further 24 h before adding 500 ll of chloroform. High performance liquid chromatography (HPLC) analysis was done as previously described [25] .
Mitochondrial Superoxide Measurement
Mitochondrial superoxide was measured using the Mito-SOX Red dye for live-cell imaging (Invitrogen, Carlsbad, CA) according to manufacturer's instructions. Cells were plated at a density of 10,000 cells/well in a white-walled 96-well plate. Cells were incubated with 5 lM working solution of MitoSOX for 10 min at 37°C, washed gently three times with warm Hank's balanced salt solution (HBSS) with calcium and magnesium, and fluorescence was measured in a Wallac 1420 plate reader (Perkin Elmer, Boston, MA) with excitation/emission of 510/580 nm. Cells that were not incubated with MitoSOX were used as blanks. After reading the fluorescence, the relative fluorescence units (RFU) were normalized to the number of cells, and data were graphed as a percentage of control values.
Mitochondrial Membrane Potential (DW mt )
Relative DW mt was determined in cells incubated with a cationic mitochondrial membrane potential dye (Dual Censor MitoCasp, Cell Technology, Mountain View, CA) according to manufacturer's instructions. After 60 min of incubation, cells were washed with PBS three times and fluorescence was measured in a Wallac 1420 plate reader. Excitation/emission wavelengths were 540/580 nm. After reading the fluorescence, RFU values were normalized to the number of cells, and data were graphed as a percentage of control values.
Lactate Release Measurement
Fresh medium, AZT, and d4T were added to cells grown in 10 cm plates 24 h prior to lactate measurement. Lactate standards and medium from cell cultures were added to 96-well plates at 10 ll/well. Stock medium was used as a blank. Lactate reagent (200 ll) was added to each well, the plates were incubated at 37°C for 5 min, and the absorbance was measured at 540 nm. Values were normalized to the total cellular protein using the BCA assay.
Phosphorylated NRTI Quantification Levels of phosphorylated [
3 H]-AZT and [ 3 H]-d4T metabolites were determined by HPLC as previously described [26] . mtDNA Quantification Total DNA was isolated from cell cultures using the Wizard SV Genomic DNA Purification System by Promega (Madison, WI), and 10 ng of DNA were added to each well of a 96-well plate for amplification by real-time PCR (9700 HT Sequence Detection System, Applied Biosystems) for mtDNA-and nDNA-encoded genes (cytochrome oxidase II and 18 s ribosomal RNA, respectively) according to methods previously described [27] . All samples were performed in duplicate and repeated at least three times. During analysis, the amount of target (i.e., mtDNA gene) was normalized to the amount of an endogenous control (i.e., nDNA gene), and expressed relative to the vehicle-treated control.
Statistical Analysis
One-way ANOVA with Dunnett's post-test was used for statistical analysis for each drug group. Significance was set at P \ 0.05 and data were expressed as mean ± SEM. Experiments were repeated at least twice, and samples were run in duplicate or triplicate.
Results
AZT Treatment Increases Oxidative Stress in HAECs
To monitor the induction of oxidative stress in endothelial cells, we treated HAECs with 1 lM AZT or d4T over a 5-week period, and measured levels of glutathione by HPLC. This concentration of NRTI falls within the range of steadystate NRTI plasma levels in HIV-patients receiving antiretroviral therapy [28, 29] . Exposure of HAECs to this concentration of AZT significantly lowered levels of GSH in a time-dependent manner (Fig. 1a) . GSH concentrations dropped from 7.33 ± 0.32 mM in control cells to 3.88 ± 0.11 mM at week 3 and 1.83 ± 0.16 mM at week 5 of AZT treatment. Exposure of HAECs to 1 lM d4T, however, did not decrease GSH levels throughout the 5-week study. Neither AZT nor d4T significantly affected oxidized glutathione disulfide (GSSG, Fig. 1b ). As shown in Fig. 1c , steady-state GSH/GSSG redox potential was concomitantly more oxidized in AZT-treated cells at weeks 3 and 5 (-234.9 ± 1.99 mV and -247.7 ± 2.48 mV, respectively) than in vehicle-treated control cells (-267.4 ± 5.96 mV), in correlation with the decreased GSH levels. No significant changes in GSH/GSSG redox potential were demonstrated with d4T.
AZT and d4T Increase Oxidative Stress in HepG2 Cells
HepG2 cells induced markers of oxidative stress, although in a slightly different manner than in HAECs. Unlike HAECs, HepG2 cells experienced no changes in reduced GSH levels throughout the study (Fig. 1d) . However, HepG2 cells displayed significantly higher levels of GSSG with both AZT and d4T treatments at all time-points examined (Fig. 1e) , resulting in a more oxidized redox potential in these cells (Fig. 1f) .
AZT Increases Total Intracellular and Mitochondrial Superoxide in HAECs, but Only Mitochondrial Superoxide in HepG2 Cells
Chronic oxidative stress suggests an increase in superoxide. We, therefore, treated HAECs with either 1 lM AZT or d4T, and quantified total intracellular superoxide by measuring oxidation of the superoxide spin probe CMH using ESR spectroscopy (Fig. 2a) . Compared to vehicletreated control cells, long-term exposure of HAECs to 1 lM AZT significantly increased total superoxide 2.2-fold after 3 weeks and 1.8-fold after 5 weeks. Although not statistically significant, there was also a trend toward increased superoxide after only 1 week of exposure to AZT. Treatment with d4T failed to increase superoxide levels at any time point beyond control values in HAECs. Because mitochondria are believed to be the main source of NRTI-induced toxicity, we next measured mitochondrialspecific superoxide in HAECs using the MitoSOX dye (Fig. 2b) . This well-characterized dye is rapidly and selectively targeted to the mitochondria in live cells, where it reacts with superoxide and fluoresces upon excitation [30] [31] [32] . Compared to vehicle-treated control cells, exposure of HAECs to 1 lM AZT increased mitochondrialspecific superoxide at all time-points with statistical significance occurring after weeks 3 and 5 (i.e., 1.5-fold increase), whereas d4T did not alter mitochondrial superoxide at any time-point. Rotenone, an inhibitor of mitochondrial complex I, was used as a positive control for mitochondrial superoxide production.
AZT and d4T did not significantly increase the CMH signal in HepG2 cells at any time-point examined (Fig. 2c) . AZT, but not d4T, time-dependently increased mitochondrial superoxide in HepG2 cells (Fig. 2d) .
AZT Decreases Mitochondrial Membrane Potential in HAECs
To assess mitochondrial integrity and function, we analyzed changes in mitochondrial membrane potential (DW mt ) in AZT-and d4T-treated HAECs by measuring mitochondrial uptake of a fluorescent cationic dye (Fig. 3a) . AZT time-dependently decreased DW mt by *40% after 3 weeks and *76% after 5 weeks compared to vehicle-treated cells, while d4T did not have any effect. Rotenone was used as a positive control for DW mt disruption. Neither AZT nor d4T decreased DW mt in HepG2 cells (Fig. 3b) .
AZT Increases Lactate Release from HAECs and HepG2 Cells
Oxidative phosphorylation in mitochondria is the main source of energy production in cells. When mitochondrial function is impaired, cells derive their energy from cytosolic glycolysis, which produces lactate as a byproduct. Lactate release is therefore an indicator of mitochondrial dysfunction. AZT treatment significantly increased lactate release into the surrounding cell culture media at weeks 3 and 5 compared to vehicle in both HAECs (Fig. 4a ) and HepG2 cells (Fig. 4b) . Treatment with d4T did not enhance lactate release at any time-point in either cell line.
AZT-TP is not Detectable in HAECs or HepG2 Cells
Very little is known about the role of AZT or d4T phosphorylation in endothelial cell toxicity. In order to assess the degree of AZT-and d4T-phosphorylation, HAECs were incubated with 10 lM labeled drug for 2 and 6 h, and levels of phosphorylated metabolites were analyzed by HPLC (Table 1) . AZT-MP was the only phosphorylated metabolite in HAECs. After 2 h exposure, AZT was present in either its non-phosphorylated state or as AZT-MP (145.0 ± 28.3 and 1,770 ± 175 pmol/10 6 cells, respectively). No AZT-DP or AZT-TP levels were detectable. After 6 h exposure of HAECs to AZT, levels of intracellular non-phosphorylated AZT and AZT-MP increased, yet no AZT-DP or AZT-TP levels were detectable.
Conversely, 2 h treatment of HAECs with d4T resulted in mainly non-phosphorylated intracellular d4T (11.69 ± 1.88 pmol/10 6 cells) with smaller amounts of d4T-MP, d4T-DP, and d4T-TP (0.45 ± 0.17, 1.17 ± 0.59, and 2.46 ± 1.16 pmol/10 6 cells, respectively). This same trend was observed in HAECs incubated with d4T for 6 h, although concentrations of each moiety were considerably higher.
HepG2 cells treated with AZT produced mainly AZT-MP, with smaller levels of non-phosphorylated AZT and AZT-DP. Levels of AZT-MP in HepG2 cells Fig. 1 Long-term exposure to a physiologically relevant concentration of AZT, but not d4T, oxidizes GSH/GSSG redox potential in HAECs. HAECs were treated with 1 lM AZT or d4T for the indicated time points, and glutathione was measured by HPLC. AZT 
AZT and d4T did not affect GSH levels (d), but raised GSSG levels (e) and oxidized redox potential (f) at all time points. n = 3-8. * P\0.05; *** P\0.001 (403.4 ± 28.7 pmol/10 6 cells) were still considerably less than those in HAECs (1,770 ± 175 pmol/10 6 cells) at that same time-point. No AZT-TP was detectable in HepG2 cells. Levels of intracellular d4T in HepG2 cells followed a trend similar to those in HAECs, with non-phosphorylated d4T being the predominant metabolite and smaller levels of d4T-TP, d4T-MP, and d4T-DP detected.
AZT does not Alter mtDNA Levels in HAECs
mtDNA depletion is associated with mitochondrial toxicity due to inhibition of pol-c. Real-time quantitative PCR analysis using probes against mtDNA-and nDNA-encoded genes show that neither 1 lM AZT nor d4T lowered mtDNA copy number in HAECs, even after 5 weeks of exposure (Table 2) . Cells were treated with 1 lM ddC for 5 weeks as a positive control for mtDNA depletion. In contrast, AZT time-dependently decreased mtDNA levels in HepG2 cells with statistical significance occurring at 5 weeks. Treatment of HepG2 cells with d4T depleted mtDNA levels at all time points analyzed.
AZT Causes Cell Death in HAECs After 5 Weeks of Treatment
Overall cytotoxicity was assessed by measuring adenylate kinase release. The presence of adenylate kinase in the surrounding cell culture medium indicates a compromise in plasma membrane integrity, and is used as a marker of cell death. Using this approach, overall cell death was only found to occur in HAECs that had been exposed to 1 lM AZT for up to 5 weeks (Fig. 5a) . No toxicity was observed in 1-week or 3-week AZT-treated HAECs, or at any timepoint for d4T-treated cells. No cell death was observed in HepG2 cells treated with either drug (Fig. 5b) .
Discussion
Antiretroviral drug regimens employing NRTIs are closely associated with the development of vascular complications in HIV patients [8] . While much has been learned about NRTI toxicity in other cell types, our understanding of Although there were some similarities between HAECs and the unrelated HepG2 hepatic cell line, HAECs eventually demonstrated enhanced total cellular superoxide levels, DW mt disruption, and cell death in response to AZT while HepG2 cells did not. Our studies also reveal that AZT elicits its toxic effects in HAECs without depleting mtDNA, and that AZT causes more endothelial cell damage than d4T. Together, these observations highlight the susceptibility of endothelial cells to AZT-mediated toxicity, which is due, at least in part, to AZT's pro-oxidative properties.
AZT and its Pro-Oxidative Effects in HAECs
Long-term AZT treatment of HAECs significantly increased markers of oxidative stress and mitochondrial damage. AZT altered GSH/GSSG redox potential, elevated total cellular and mitochondrial superoxide levels, caused DW mt disruption, increased lactate release, and induced endothelial cell death. Moreover, these effects occurred without accumulation of AZT-TP and mtDNA depletion. The lack of detectable AZT-TP in our study and others [33] [34] [35] [36] , coupled with a lack of mtDNA depletion [37, 38] , suggest that the pro-oxidative effects of AZT in certain cell types may arise from secondary targets or through AZTspecific redox properties, and not necessarily through mtDNA depletion or mutation. The pro-oxidant properties of AZT-MP may contribute to generation of ROS in endothelial cells as AZT-MP is clearly the predominant metabolite in our study. AZT-MP does not transport out of the mitochondrial matrix after formation [36] , and its dephosphorylation rate is only *2% of that for endogenous thymidine-MP [39] . The continual accumulation of AZT-MP in the mitochondrion may lead to gradual enhancement of free radical production and oxidative damage over time. Others have postulated that AZT and AZT-MP competitively inhibit thymidine phosphorylation, which negatively affects mtDNA replication or repair [36, 40] . Additionally, other undefined secondary targets of AZT (or AZT-MP) may exist. AZT treatment has been suggested to inhibit cytochrome c oxidase and citrate synthase [38] , poly-ADP-ribose polymerase [41] , glycosphingolipid synthesis [42] , and the ADP/ATP translocator [43] . Recently, Lund et al. [37] showed that AZT and AZT-MP directly interact with complex I of the mitochondrial electron transport chain and prevent its cAMP-dependent phosphorylation independently of pol-c inhibition. These findings suggest that the pro-oxidative properties long associated with AZT Cells were treated with 10 lM labeled AZT or d4T for 2 or 6 h as indicated, and levels of phosphorylated metabolites were analyzed by HPLC.
Results are presented as mean ± SEM. ND = not detected, n = 3 for each time point HAECs and HepG2 cells were treated for the indicated lengths of time with vehicle, 1 lM ddC (as a positive control for mtDNA depletion), 1 lM AZT or 1 lM d4T. The mitochondrial to nuclear DNA ratio (mtDNA:nDNA) was determined by quantitative PCR using primers against the mtDNA-encoded gene for cytochrome oxidase II and the nDNA-encoded gene for 18 S ribosomal RNA. A ratio of *1 indicates no toxicity and a ratio \1 indicates mtDNA depletion. Values are presented as mean ± SEM, and statistics were obtained using one-way ANOVA and Dunnett's post-test versus vehicle-treated cells Cytotoxicity was determined by measuring the release of adenylate kinase into the cell culture medium and normalizing to total protein levels. a Cell death was only observed in AZT-treated HAECs after 5 weeks, and was never observed in d4T-treated HAECs. n = 4-5. *** P \ 0.001. b Neither AZT nor d4T caused cell death in HepG2 cells. n = 5 treatment may be due to its interaction with a secondary target other than pol-c in endothelial cells. AZT is also unique among NRTIs in that it contains a 3 0 -azido group. Researchers have found that AZT and its azido-containing derivatives (AZT-MP, AZT-TP, and glucoronidated-AZT) have direct pro-oxidant activities in an in vitro cell-free chemical system, while non-azidocontaining derivatives did not [19] . Furthermore, AZT and AZT-MP induce lipid peroxidation in membrane preparations devoid of cellular constituents and presumably most secondary targets [22] . Thus, AZT may have pro-oxidant properties inherent in its chemical structure. The azido group of AZT increases its lipophilicity and targets it to membranes, including those of the mitochondria [44] . This characteristic may partly explain the ability of AZT to cause lipid peroxidation in membrane preparations [22] and to interfere with cardiolipin molecules in the internal mitochondrial membrane [45] . Further exploration into AZT metabolism and redox chemistry, as well as its potential interaction with other mitochondrial targets, is necessary to determine its pro-oxidative mechanism of toxicity.
The inefficient ability of HAECs to phosphorylate AZT may partially explain the lack of mtDNA depletion. It is unclear why AZT-DP and AZT-TP are produced at such extremely low or undetectable levels in HAECs. Thymidylate kinase and pyrimidine nucleotide diphosphate kinase, the enzymes which produce AZT-DP and AZT-TP, respectively, are expressed in endothelial cells [46, 47] . It is equally puzzling considering that d4T uses the same deoxynucleotide kinases as AZT to achieve phosphorylation [48], yet d4T-DP and d4T-TP are readily detectable in our study. This observation does not go without precedent, however, as others have been unable to measure AZT-DP or AZT-TP in the perfused rat heart [33] and in mitochondria from rat heart and liver cells [34] [35] [36] , suggesting that the lack of AZT tri-phosphorylation may be a tissuespecific phenomenon. Even in cells where AZT-TP is detectable, AZT-MP typically reaches low millimolar concentrations and greatly outnumbers AZT-TP by several orders of magnitude [48, 49] . Considering that AZT-TP has such poor affinity for pol-c and that cells do not attain the high levels of AZT-TP necessary to inhibit the enzyme [50], our results demonstrating a lack of effect of AZT on mtDNA are consistent with little or no inhibition of pol-c in endothelial cells. However, it is important to note that there are potential limitations in our phosphorylation data. We measured intracellular phosphorylated AZT and d4T metabolites after 6-h exposure to radiolabelled drug based upon the published in vitro half-lives and the fact that AZT is taken twice daily and the highest levels of the drug are found in the plasma several hours after treatment [51, 52] . A recent report by Olivero [53] has shown that the measurement of AZT incorporation into DNA may require up to 72-h exposure in cultured human mammary epithelial cells. Measurement of AZT incorporation into mtDNA in HAECs would be very informative; however, isolation of mitochondria from HAECs has been unsuccessful in our hands due to their extremely low number of mitochondria. In addition to these difficulties isolating mitochondria, measuring the levels of AZT is extremely difficult because AZT is a chain terminator and too few molecules are present to detect even with radioactive material. The phosphorylation of AZT also appears to be highly variable between individuals [53-55]. Thus, it is uncertain whether our commercially obtained HAECs are representative of enzymatic activity from the general population. Nevertheless, our phosphorylation and mtDNA:nDNA data from Tables 1 and 2 strongly suggest that AZT likely causes toxicity in HAECs quite differently than in HepG2 cells.
The current study extends upon observations by Jiang et al. [12] who demonstrated enhanced mitochondrial superoxide production and DW mt disruption in human umbilical vein endothelial cells. They observed these effects in cells treated for \24 h with a slightly higher concentration of AZT than that used in our study. Despite the induction of oxidative stress and mitochondrial damage at week 3, we did not observe an overall increase in cell death until week 5. In the aforementioned study [12] , apoptosis was not detected in AZT-treated cells at 24 h. AZT-induced oxidative stress and mitochondrial damage likely accumulate over time until a threshold level is reached, whereupon irreversible cytotoxicity and cell death occurs. The mitochondrion may have its own tissue-specific threshold capacity for electron transport chain inhibition until total mitochondrial output is affected [56] . Thus, for AZT-induced cell death to occur, endothelial cells may require longer exposure to drug (up to 5 weeks) for accumulated ROS to reach individual mitochondrion and total cell respiratory thresholds.
The Lack of d4T Toxicity in HAECs AZT and d4T caused different effects in HAECs despite the fact that both drugs are thymidine analogues and belong to the same mechanistic class of antiretrovirals. While AZT increased oxidative stress and mitochondrial damage in a relatively time-dependent manner, d4T treatment never induced toxicity in HAECs. The lack of d4T toxicity in HAECs is not due to compromised activity of the drug as d4T treatment of HepG2 cells oxidized GSH/GSSG redox potential and depleted mtDNA. The lack of d4T-induced mtDNA depletion in HAECs is surprising given that d4T-TP has a relatively high affinity for pol-c [57] [58] [59] . The low concentration of d4T, coupled with its high rate of intracellular metabolism (\3 h) [51] , may prevent the accumulation of d4T-TP beyond the threshold level needed to inhibit pol-c in HAECs. Cell type-specific differences in respiratory requirements, pol-c activity, mitochondrial turnover, nucleotide transport, or other factors may exist in HAECs which could explain the lack of d4T toxicity in these cells.
The Unique Pro-Oxidative Effects of AZT in HAECs Versus HepG2 Cells As mentioned previously, AZT did not decrease HAEC mtDNA levels at any time-point, yet AZT still produced severe oxidative stress, mitochondrial damage, and cell death. Although AZT eventually decreased mtDNA levels in HepG2 cells, AZT did not increase HepG2 total cellular superoxide levels as measured by ESR, nor did AZT cause DW mt collapse or cell death. These differences indicate that AZT, and potentially other NRTIs, have cell-specific effects, and that AZT's pro-oxidative properties contribute to the increased susceptibility of endothelial cells to AZT toxicity as determined by the ability of AZT to cause cell death in HAECs and not in HepG2 cells.
In conclusion, we have shown that GSH depletion, total cellular and mitochondrial-specific superoxide, mitochondrial dysfunction, and ultimately cytotoxicity develop in endothelial cells upon long-term exposure to AZT but not to d4T. These effects occurred in the absence of AZT-DP and AZT-TP, and without mtDNA depletion. Our findings also show that endothelial cells are extremely susceptible to the pro-oxidative effects of AZT, and that AZT eventually caused cell death in HAECs but not in an unrelated HepG2 cell line. Further exploration into how AZT exerts endothelial cell toxicity and promotes oxidative stress will benefit future drug development and reduce the risk of vascular complications in HIV patients.
endothelial and smooth-muscle cells in culture. 
